Accurate determination of atomic and molecular properties is a long held but elusive goal of many-body theories. Significant progress has been made for small atoms, but for heavier systems the calculations are very scarce due to the great computational difficulties involved in the calculation. In this work we have explored the efficiency of the Variational Monte Carlo (VMC) method to compute two body properties in atoms, which are specially difficult to calculate even in a Hartree-Fock framework. The VMC method allows us to calculate the radial moments of the electron pair density and, by using a finite approach for the delta function one is also able to evaluate up to a good accuracy the density itself. The major drawback of the method is loss of precision for both short and long interelectronic distances. To deal with this problem we have proposed and calculated with several functions for the importance sampling, that give rise to a better convergence of the results in a particular region of the domain of the interelectronic distance. Thus we have improved the description next to the origin where the determination by means of a pure MCV calculation is worse. The main conclusion of the study is that VMC can be used to get insight of the atomic and molecular structure by means of the calculation of the relative charge distribution. The importance sampling technique allows one to improve the results in those regions were the statistic is poorer. The accuracy of the results is enough to enable to study, for example, the effects of the electron correlation in these quantities. © 1999 Published by Elsevier Science B.V. All rights reserved.
Densities and importance sampling functions
Two body densities play an important role in understanding the structure and dynamic of many fermion systems, especially in the discussion of correlation effects among the particles. However, calculations of these quantities are very scarce in the literature, mainly due to the great computational difficulties involved in obtaining them, even in a non-correlated scheme. This lack of information is even more pronounced in the case of properties in momentum space.
In this work we have studied the accuracy of the variational Monte Carlo (VMC) method to calculate 1 E-mail: antonio.sarsa@asu.edu. two body densities in atoms. The main goal has been to determine a numerical procedure which allows us to reduce the variance and so, the computer time required to reach a determined accuracy increasing the efficiency of the VMC simulation. In doing so, we have used the importance sampling technique [1, 2] exploring different probability distribution functions (pdf) in each case. In general the improvement obtained is more important in a given domain of the variable, being less for the rest of it. We have focused our attention in those regions where the correlations become more evident and important for each density.
After some analytical manipulation, the spherically averaged electron pair density, h(s), also called intrac-ule density, and the relative momentum distribution, γ (2) (t), where t stands for the interelectronic momentum p 12 , can be expressed as follows
where α is any real value that will be fixed according to the variance reduction criterion and j 0 (x) is the spherical Bessel function of order zero. We have used the identity α 3 /8π d r 1 e −αr 1 = 1 in order to have the same domain in both integrals appearing in γ (2) (t 
where Q is the so called importance sampling function. For h(s) we have taken Q = i<j 1/r 2 ij that will increase the statistics in the neighborhood of the coalescence point, s = 0, decreasing the variance for short interelectronic distances where the effects of electron correlation become more relevant.
For the interelectronic momentum distribution we have taken Q = α 3 e −αr 1 /8π , and we have explored the effect of using different values for the parameter α. Depending on it, a particular region of the configuration space of the system will be more favored during the random walk. By carrying out several calculations we have obtained the parameter α that provides the lowest variance for small values of t.
Results
In Fig. 1 we compare, for the beryllium atom, the error, σ , when the intracule density is calculated with and without importance sampling in terms of s. We also give a plot of this function. In Fig. 2 we compare the error, σ , in terms of t in the calculation of the interelectronic momentum distribution by using two different values for α. In both cases one can check how the precision can be increased by a suitable selection of the distribution function. For both densities, the accuracy obtained allows us to distinguish, and therefore to study, the effects of the correlation in those densities.
The method can be applied to other systems by using the explicitly correlated wave functions available in the literature [2] [3] [4] [5] . Furthermore the moments of these densities and other local properties can also be calculated.
